Abstract
Introduction
Speleothems are probably the most interesting formations of limestone caves, because they hold a remarkable archive of palaeoclimatic data describing local and global events for the period of time in which they grew. As calcite nucleates on the surface of the growing cave formation, trace elements and certain isotopes are sealed in place, in concentrations that may bear similarity to the environmental conditions under which they have formed. A climatic record can be derived from the relative contents of 13 C and 18 O in the lattice. Support for a palaeoclimatic record based on growth frequencies of speleothems can be obtained from the dated deposits themselves, by variations in of calcite along the growth axes of deposits that formed in isotopic equilibrium with the groundwater (Gascoyne, 1992) .
Our understanding of palaeoclimatic transitions has been considerably increased by the many recent studies of global climatic change (e.g. Imbrie et al., 1984; Chappell and Shackleton, 1986; Dansgaard et al., 1993; Bar-Matthews et al., 1997) . Eastern Mediterranean region is a transition zone between humid climate in the north and arid climate in the south. As in other climatic transition zones, the region of north Aegean Sea was sensitive in the past to changes in natural environmental parameters, such as temperature, amount of rainfall, origin and pattern of storm tracks, vegetation type, and location of the desert boundary (Street and Grove, 1979; Bar-Matthews 1999; Tzedakis et al., 2003; Geraga et al., 2005; Hughes et al., 2007; Psomiadis et al., 2009 ).
It has long been appreciated that, at least for the last 450 ka, the many stages and substages into which the deep-sea isotopic sequence is divided are also appropriate for viewing the continental record (e.g. Shackleton, 1969; Tzedakis et al., 1997 Tzedakis et al., , 2001 Tzedakis et al., , 2003 , although marine and terrestrial boundaries may not be precisely isochronous. With regard to the amplitude of climate variability, research focusing has been developed over some prominent transitions during the Middle Pleistocene, like the so-called Mid-Brunhes Event (MBE) at the MIS 11/12 transition ca. 430 ka (EPICA community members, 2004) , the most severe glacial period correlated to MIS 12 (Tzedakis et al., 2003) , the moderate variations during MIS 13-15 etc. Regarding palaeoclimatic data for the region of Greece during Middle Pleistocene, studies have been applied to pollen analysis (Tzedakis et al., 2003 (Tzedakis et al., , 2006 and geomorphological and sedimentary data (e.g. Hughes et al., 2007) . These studies have indicated that the most severe tree population contractions of the last 450 ka occurred during the glacial maxima of MIS 12 and less intense MIS 10 (Tzedakis et al., 2003 (Tzedakis et al., , 2006 . These results were in agreement with the relative extent of ice sheets as estimated from marine benthic isotope records (e.g. Shackleton, 1987; Waelbroeck et al., 2002) and reconstructed from field evidence from Europe (e.g. Ehlers, 1996) . During the most extensive Skamnellian Stage glaciation (MIS 12), climate would have been even colder and/or wetter than was the case for both the later Vlasian and Tymphian cold stages (Hughes et al., 2007) . MIS 16 appears to be the most extensive glacial period of the last 1.35Ma, not in terms of intensity but rather of the prolonged suppression of tree populations (Tzedakis et al., 2006) .
Early middle Pleistocene faunas seem to be missing from Greece. In central-western Europe this period is characterized by a new warm phase of alternations of mild glacial intervals with warm interglacial ones (Agusti and Anton, 2002) . From middle Pleistocene onwards, the establishment of the bipolar climate in the North Alpine areas forced the south European environment to alternate between Mediterranean arid and mild-temperate (Kostopoulos and Vasileiadou, 2006) .
In the present work, a ca. 250ka δ
18
O and δ 13 C record that was obtained from a stalactite from northern Greece (Agios Georgios Cave, Kilkis) are discussed for palaeoclimatic interpretation during the period from MIS 9b to MIS15e.
Setting of the area
Agios Georgios cave is located near the city of Kilkis (Fig. 1) , approximately 50km north of Thessaloniki (Macedonia, N. Greece). The total length of its hallways is 500m and its total surface reaches up to 1000m 2 . The internal environment is typical of a karstic cave, with stable temperature all year round (16±1 o C) and high humidity (95%). Mean annual precipitation in the region is 386mm and mean annual temperature is equal to 15.1 o C.
The karst has been developed in the M.-U. Triassic limestone (Kockel and Ioannides, 1979) . Palaeontological evidence recorded several species of mammals and micromammals of the last 15ka (Tsoukala, 1991).
Methods

Sampling and isotopic analyses
The cave conditions and processes render the specific environment as a partly active ( bers. A stalactite (SP4, 181mm long and 56mm wide) was selected for isotopic analysis from deep within the cave (chamber D, Fig. 1 ). SP4 generally kept to all necessary conditions for isotopic analysis (Hendy, 1971 ) which mainly are a deep spot in the cave, not very close to air-circulation exits (i.e., cave entrance) and not in very high chambers (the distance of the drip water during its falling from the cave ceiling may induce isotopic fractionation). The sampled stalactite was cut perpendicular to its length in order to expose their growth laminae and to permit observation and subsampling. To obtain high resolution δ 18 O and δ 13 C records, the laminae were sampled every 2mm by means of microdrilling, using a 0.7 mm diameter drill bit (Fig. 2) providing approximately 300-500μg of carbonate powder.
Two subsampling sections parallel to the growth axis (SP4-2 and SP4-3) were used in order to examine the palaeoclimatic variability during the growth of the stalactite, whereas two other subsampling sections perpendicular to the growth axis and representing specific laminae (SP4-1 and SP4-4) were used for the radiometric datings and for the application of the so-called Hendy tests (see below). In total, 126 subsamples were extracted for isotopic analyses and dating. δ 13 C and δ 18 O isotopic ratios of the calcitic stalactite layers were measured (vs. PDB standard) on a Thermo Delta V Plus isotope ratio mass spectrometer equipped with a GasBench II device at Stable Isotope Unit, I.M.S., NCSR Demokritos, Athens, after addition of H 3 PO 4 for CO 2 production at 72 o C (Fig. 3) . The standards used for comparison were NBS 19 and NBS 18 carbonates and an internal Carrara marble standard. Analytical reproducibility is better than 0.1‰ for δ 13 C and δ 18 O. Uranium-series dating was performed using thermal ionization mass spectrometry (TIMS). For the analyses, approximately 200mg samples were used from the two sections (SP4-1 and SP4-4). Ages for each position were determined using a Fisons VG Sector 54-30 mass spectrometer equipped with a WARP filter and an ioncounting Daly detector. Full analytical details of the TIMS method are provided in Zhao et al. (2001) .
Isotopic fractionation was excluded after conducting the proposed tests by Hendy (1971) along two specific layers of the stalactite (SP4-1 and SP4-4), which showed negligible kinetic effects (Fig. 4) 
Results and discussion
Variations in δ 13 C of cave deposits could be attributed to: i) length of flow path and rates of CO 2 degassing which favour speleothem δ 13 C enrichment when the surface recharge is low under drier environment; ii) greater respiratory activity of soils under wetter conditions resulting in lower δ 13 C variations (VPDB) for representative different laminae (SP4-1 and SP4-4) of SP4 stalactite as measured along the length of the laminae (see also figure 2). The isotopic trends indicate minor variations in δ 18 O and wider variations in δ 13 C. These trends are in accordance with suggested criteria for isotopic equilibrium (Hendy, 1971) . Matthews et al., 1996; McDermott, 2004) .
It has long been established that for the last 900ka the many subdivisions into which the deep-sea isotopic sequence is divided are reliable for viewing the continental record like speleothems (e.g. Shackleton, 1969; Tzedakis et al., 1997 Tzedakis et al., , 2003 Tzedakis et al., , 2006 , although marine and terrestrial boundaries may not be precisely isochronous. U-series dating of SP4 indicates that the formation of this stalactite started after the Middle Pleistocene Transition (920-640ka BP) and ceased during MIS 9 (ca. 300ka BP). Inspection of figure 5 reveals a close correspondence between variations in global marine isotopic data and the isotopic signature of SP4. In this study, the composite δ 18 O benthic record from the equatorial East Pacific (Shackleton et al., 1983; Ninkovich and Shackleton, 1975; Shackleton et al., 1990 ) and the EPICA Dome C record in Antarctica (EPICA community members, 2004) have been used for intercomparison. These data series have been well correlated to climatic variations in the region of Greece by Tzedakis et al. (2006) . Minor discrepancies are at all occasions within the analytical error (2σ) of dating results. However, although major climatic events recorded in marine records seem to have influenced also the region of N. Greece, some well-established climatic periods do not correspond to alterations of the isotopic composition of SP4 calcitic laminae. The latter may be attributed either to the absence of these phases in the region or to depositional factors related to rates of carbonate accumulation or to cave conditions. The palaeoclimatic interpretation of SP4 isotopic record (Fig. 3 and 5) shows high resolution correlation with five interglacial and four glacial periods during the Middle Pleistocene. The earliest stage corresponds to MIS 15e (lamina 1, 630-610ka BP) with moderately warm conditions, followed by the cooler short stadial MIS 15d (lamina 3, 610-600ka BP). MIS 15d have influenced N. Greece with lower temperatures but as it seems by the depleted δ 13 C the climate was rather humid than permafrost. MIS 15a (lamina 5, 580-570ka BP) restored warmer conditions in the region but the recorded enriched δ 13 C indicates absence of soil coverage and biological activity, which probably renders this lamina to the transition between MIS 15a/15b. Lamina 9 clearly represents low temperatures and arid conditions (enriched δ 18 O and δ 13 C) and correlates well to MIS 14 (540-500ka BP), which influenced temporally the region in accordance to global records. SP4 laminae 12-19 show an explicit climatic stability in both δ 18 O and δ 13 C. According to U-series dating, these laminae correspond to the time window between 490-390ka BP and indicate warm and wet climate. The effectual correlation of this period with MIS 13 (ca. 480ka BP) and MIS 11 (ca. 400ka BP) is opposed to the absence of isotopic record in SP4 correlated to the most severe Middle Pleistocene glacial MIS 12 (ca. 450ka BP) or to the so-called Mid-Brunhes Event at ca. 430ka BP, also recorded in Greece. During MIS 12, the coldest mean summer temperatures and the local glacier maximum were recorded in the region (Hughes et al., 2007) and also arboreal pollen reached their minimum in N. Greece (Tzedakis et al., 2006) . However, the absence of MIS 12 climatic transition in SP4 could be attributed to ceased stalactite growth due to permafrost conditions in the soil surface, which is a typical factor of speleothems hiatuses due to the crucial decrease of water flow and drip rates.
A mild alteration of the climatic conditions took place in lamina 20 (390-360ka BP) which probably corresponds to the transition between MIS 11 and MIS 10, indicated by the slightly enriched δ 18 O (cooler climate). The establishment of the glacial conditions of MIS 10 seems to have happened at 360ka BP and held until 340ka BP (laminae 21-23). This period is characterized by cool and dry climate, interposed by a cold and wet phase at 350ka BP (lamina 22), which by any means does not change the glacial character of MIS 10 in N. Greece, but it rather indicates a short abatement of the frost coverage of the epikarst. This interruption is also indicated in arboreal pollen from N. Greece (Tzedakis et al., 2006) and also in isotopic records from Antarctica (EPICA community members, 2004) . The following warming occurred at 320-310ka BP (lamina 25). This stage, although it should be expected to meet with MIS 9e due to sequence, probably corresponds to the milder MIS 9c with warm and arid climate. This assumption is based on the fact that lamina 25 does not show the acute transition of climatic conditions that characterizes MIS 9e and also on the age position in SP4 stratigraphy. The absence of MIS 9e intense warming in SP4 is attributed to subsampling resolution, as it was quite short in duration and therefore may have not been isolated in laminae distinction. SP4 isotopic record ends with a cooler (enriched δ 18 Obenthic composite record from sites in the equatorial East Pacific (Shackleton et al., 1983; Ninkovich and Shackleton, 1975; Shackleton et al., 1990) 
Conclusions-Results
The isotopic record of SP4 stalactite from Agios Georgios cave, Kilkis, N. Greece, has indicated several climatic transitions in the region. These alterations correlate well with marine records from around the world as well as with terrestrial palaeoclimatic data from Greece. According to these variations, SP4 record mirrors two cold and dry stages (MIS 14 and 10) and two warm and wet periods (MIS 11 and MIS 13). Among the above, several stadials and interstadials have been isotopically fingerprinted, showing that global climatic changes, which influenced mostly the northern hemisphere, have also influenced the area of N. Greece. The absence of two distinct climatic events in SP4 record, the severe cold MIS 12 and the intense warm MIS 9e, is attributed to different factors. The permafrost soil coverage during MIS 12 probably caused growth cease of the speleothems in Agios Georgios cave, while the short duration of MIS 9e may have caused slipping during subsampling. In any case, although higher resolution of subsampling and denser datings would offer the opportunity to distinguish shorter and more detailed climatic transitions, the study of SP4 isotopic record encourages the application of palaeoclimatic interpretations in speleothems around Greece.
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